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A Thin-Layer Model for Viscoelastic, Stress-Relaxation Testing of
Cells Using Atomic Force Microscopy: Do Cell Properties Reflect
Metastatic Potential?
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ABSTRACT Atomic force microscopy has rapidly become a valuable tool for quantifying the biophysical properties of
single cells. The interpretation of atomic force microscopy-based indentation tests, however, is highly dependent on the use of
an appropriate theoretical model of the testing configuration. In this study, a novel, thin-layer viscoelastic model for stress
relaxation was developed to quantify the mechanical properties of chondrosarcoma cells in different configurations to examine
the hypothesis that viscoelastic properties reflect the metastatic potential and invasiveness of the cell using three well-
characterized human chondrosarcoma cell lines (JJ012, FS090, 105KC) that show increasing chondrocytic differentiation and
decreasing malignancy, respectively. Single-cell stress relaxation tests were conducted at 2 h and 2 days after plating to
determine cell mechanical properties in either spherical or spread morphologies and analyzed using the new theoretical model.
At both time points, JJ012 cells had the lowest moduli of the cell lines examined, whereas FS090 typically had the highest. At 2
days, all cells showed an increase in stiffness and a decrease in apparent viscosity compared to the 2-h time point. Fluorescent
labeling showed that the F-actin structure in spread cells was significantly different between FS090 cells and JJ012/105KC
cells. Taken together with results of previous studies, these findings indicate that cell transformation and tumorigenicity are
associated with a decrease in cell modulus and apparent viscosity, suggesting that cell mechanical properties may provide
insight into the metastatic potential and invasiveness of a cell.

INTRODUCTION

Viscoelastic mechanical properties of single cells have been
quantified using a variety of testing methods, including
micropipette aspiration, cytoindentation, magnetic bead rhe-
ometry, optical traps, and AFM (1-7). In particular, AFM
provides an advantage over some of these techniques in that
the mechanical properties of adherent cells can be tested in
different geometries following cell adhesion (i.e., from
spherical to flattened shapes). The interpretation of AFM-
based indentation tests on single cells, however, is highly
dependent on the use of an appropriate theoretical model of
the contact geometry. For example, one potential limitation of
this approach is that indentation testing of highly flattened
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cells may violate the assumption of infinitesimal strain in a
thin layer. Experimentally, however, an advantage of AFM is
the ability to precisely control cantilever movement, and thus,
indirectly, indentation depth, which, in combination with an
appropriate theoretical model, can be used to test very thin
layers without violating the small-strain assumptions typi-
cally made in indentation models (3,8,9).

The viscoelastic properties and deformation behavior of
cells play important roles in many biophysical and biological
responses (see reviews in (10-14)). For example, metastasis
of cancerous cells involves a complex sequence of interlinked
biochemical and biomechanical events, including cell adhe-
sion, migration, and deformation during tumor cell invasion
(7,15), suggesting that the metastatic potential of a cell may be
directly dependent on its mechanical properties. In patients
with chondrosarcoma, metastatic spread is the primary cause
of death, and human chondrosarcomas are known to vary
widely in their biological behavior and histological appear-
ance, making it difficult to identify the likelihood of
metastasis in a patient (16). These populations of cartilage-
forming cells typically arise in benign cartilage neoplasms,
enchondromas, or osteochondromas (17). At times, these
growths can rapidly enlarge and metastasize, subsequently
destroying healthy tissue throughout the body. However,
difficulties arise in diagnosing the malignancy of this cancer,
because no clear histopathology exists for identifying the
metastatic potential of chondrosarcoma cells.

doi: 10.1529/biophysj.106.083097
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Previous studies have investigated how cells from differ-
ent types of chondrosarcomas vary based on biosynthesis or
gene expression (17-24). The aggressiveness of a cell line
was shown to be related inversely to its degree of differen-
tiation with respect to the normal chondrocyte phenotype.
For example, more malignant and invasive cell lines
exhibited no keratan sulfate substitution into glycosamino-
glycan chains and possessed a high expression of type-I
collagen with almost no expression of type-II collagen (24).
Furthermore, the metastatic ability of chondrosarcoma cells
was found to be related to their collagenase (MMP-1)
activity, which helps degrade cartilaginous tissue in the
primary tumor as well as in the vasculature at the site of
metastatic invasion. Relevant studies have shown that more
aggressive cancers have the ability to deform and squeeze
through tissue matrix to access the circulatory system and
subsequently move through small leaks in blood vessel walls
to establish new tumors (25,26). These findings suggest that
the metastatic potential of a cancer cell may be related to the
biomechanical properties that influence the process of cell
escape from the compartment of origin and subsequent
penetration into other remote tissues. Although the biolog-
ical characteristics of chondrosarcoma cells have been
investigated, their mechanical properties are as yet unknown.

The goal of this study was to develop a new thin-layer,
AFM stress relaxation model to determine the viscoelastic
mechanical properties of chondrosarcoma cells in both their
rounded and spread morphologies. The mechanical properties
of cells from different lines were hypothesized to correlate
with their documented invasiveness and metastatic potential.
Specifically, it was hypothesized that more invasive cell lines
exhibit higher deformability (i.e., lower modulus), reflecting
intrinsic differences in cytoskeletal structure. Three well-
characterized human chondrosarcoma cell lines of varying
aggressiveness were mechanically tested using AFM. The
viscoelastic properties of both rounded and flattened chon-
drosarcoma cells were determined by fitting a model of stress
relaxation indentation of a thin layer to the experimental data.

MATERIALS AND METHODS
Chondrosarcoma culture conditions

Three human chondrosarcoma cell lines that previously have been
characterized biochemically and found to have stable phenotypes with
differing levels of invasiveness and metastatic potential were investigated in
this study: JJO12, FS090, and 105KC (17-24). Cell lines were cultured in
monolayer at 37°C and 5% CO, for >2 weeks before being tested. Culture
media consisted of high glucose Dulbecco’s modified eagle medium (Gibco,
Carlsbad, CA), 1X penicillin/streptomycin (Gibco), and 10% fetal bovine
serum (Gibco). Initially, chondrosarcoma cells from each line were released
from tissue-culture treated flasks using 0.05% trypsin (Gibco), washed
thoroughly in culture media, and seeded either onto a poly-L-lysine (PLL)
coated slide or 35-mm petri dish. Cells on PLL slides were tested with the
AFM ~2 h after seeding, whereas cells in 35-mm petri dishes were tested 2
days after seeding. Short seeding times provided a consistent testing
morphology (spherical) that allowed all cell lines to be compared without
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having to account for major differences in cell shape. Long seeding times
allowed the chondrosarcoma cells to equilibrate metabolically and attain a
more ‘‘native’’ state. Three separate testing sessions were performed for
each time point.

Atomic force microscopy

The biomechanical properties of chondrosarcoma cells were measured using
an atomic force microscope (MFP-3D, Asylum Research, Santa Barbara,
CA) that allows closed-loop feedback position control in the z-direction.
This programmability enabled the AFM to maintain nearly constant inden-
tation displacement while conducting a stress relaxation test. To determine
the indentation force applied to a cell, the deflection of the cantilever tip was
monitored by tracking the position of a laser beam reflected off the cantile-
ver tip onto a photosensitive detector. The applied force was determined
by multiplying the cantilever stiffness by its deflection via Hooke’s law
(F = kx).

Cantilevers modified with a borosilicate glass sphere (5 wm nominal
diameter, Novascan Technologies, Ames, IA) were used for the AFM stress
relaxation experiments (Fig. 1) (27). Cantilever spring constants (typically
0.065 N/m) were determined from the power spectral density of the ther-
mal noise fluctuations (28) before experimentation. Stress relaxation tests
were performed on the central region of a cell using a 6.25-um/s approach
velocity and 60-s relaxation time. For flattened cells, the probe tip was po-
sitioned over the cell nuclei to help standardize testing between different
cell shapes. Cell heights were determined directly from AFM measurements
using cell and substrate contact points. A 2.5-nN trigger force was used to
prescribe the point at which the cantilever approach was stopped and held at
a constant displacement for the stress relaxation portion of the testing. For
most cells, this distance was equivalent to a 1.0 = 0.3 um (2 h) or 0.85 *
0.22 um (2 days) indentation, which resulted in nominal strains of ~7-13%
for cell heights of 14.3 = 2.1 um (2 h) or 6.4 = 1.7 um (2 days).

The experimental data were analyzed with elastic and viscoelastic
models. The indentation approach curves were fit with a thin-layer Hertz
equation (Eq. 1) to determine the elastic modulus, Ejagic. Because of the
high rate of indentation, this measurement was assumed to be a better
indicator of the instantaneous response of a cell than the viscoelastic
parameter Ey. The equilibrium modulus, Eq;, Was also calculated using the
Hertz equation but with the force measurement after 60 s. Data from the
relaxation phase of the test were fit with the thin-layer, viscoelastic equation
(Eq. 3) to determine Eg, 7,, and 7. Ey, u, Ey, k;, and k, were calculated

FIGURE 1 Single-cell indentation using AFM. Individual chondrosar-
coma cells were indented with a 5-um diameter sphere. Stress relaxation
experiments were conducted for each of three cell lines: JJ012, FS090, and
105KC. Pictured above are JJO12 cells at 2 h after seeding onto PLL-coated,
glass slides.
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using Eqgs. 4-5, which are described in the following section. Linear drift in
the laser was accounted for during data analysis using an algebraic
correction. The Poisson’s ratio, v, was assumed to be 0.38, based on
previous studies of chondrocytes (5,29,30).

Thin-layer, stress relaxation model for AFM

A common method for determining the viscoelastic characteristics of a
material is to measure the stress relaxation response to a prescribed
displacement. In this AFM-based study, we indented a cell with an
approximate step displacement and recorded the resulting force response
over time. Because force is determined via cantilever deflection, a small
indentation change (<1% of total indentation) does occur during the initial
drop in stress. Instead of a constant strain, the actual input mimics an
inverted relaxation response on a much smaller scale (inverted Fig. 2). The
magnitude of this change is such that a constant strain condition can be
assumed. The force-displacement data were then fit with an indentation
model, which assumes an infinitely hard sphere indenting a flat, deformable
substrate, and can be described by a thin-layer, Hertz model (31):
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where F is the applied force, Evy is the Young’s modulus, R is the relative
radius (for flat surfaces such as spread cells R = Rprobe) (32), Rprobe is the
probe radius, /4 is cell height, v is Poisson’s ratio, § is the indentation,
X= VRS /h, and the constants a and B, are functions of the Poisson’s ratio,
which for a material bonded to a surface are defined as:
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FIGURE 2 Stress relaxation response with thin-layer, viscoelastic model.
The thin-layer mathematical model closely described the viscoelastic response
of single cells to a constant strain condition. Stress relaxation tests were
conducted for 60 s, after which fit parameters were extracted from the data to
help characterize the mechanical properties of the chondrosarcoma cell lines.
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The thin-layer Hertz equation (Eq. 1), when used with the initial inden-
tation phase of the data, describes the elastic response of a soft material (31).

For the stress relaxation tests, an approximately constant strain is applied
to the cells while the force is recorded over time (Fig. 2). The bracketed
expression in Eq. 1 is essentially one large constant because it depends only
on the indentation and is therefore assumed to be constant during stress
relaxation. To obtain a thin-layer, viscoelastic model appropriate for stress
relaxation, we can append this ‘‘thin-layer correction’ to the AFM
indentation solution derived by Darling et al. (27). The final model is
applicable to small indentations of an isotropic, incompressible surface with
a hard, spherical indenter:

4R'*8)E, = To _
F(r) = =20 R<1 =T, ‘/T“>C7
Te

3(1 —v)
2a 4a? 8 A
c= 1= e (e e
16 37’
X’ +?f°<a3 +ZBO>X4], (3)
ar

where y = \/RSo/h and 7, and 7, are the relaxation times under constant
load and deformation, respectively. Fitting Eq. 3 to a force-displacement
curve provides three parameters that describe a cell’s viscoelastic response
as a standard linear solid (a spring-dashpot in parallel with another spring):

kl = ER7
k, = Ex M’ and
T,
m = ER (T:r - Ta)a (4)

where k; and k, are Kelvin spring elements and w is a damper element and
describes the apparent viscosity. The instantaneous and Young’s moduli can
then be calculated:

EOER<1+M> and

Te
3
EY - EER (5)

The thin-layer model is appropriate for samples where & = 12.8R (31),
which in this study includes both rounded (2 h) and flattened (2 days) cells
because neither are taller than 23 um. The curvature associated with
spherical cells are accounted for using a relative radius, whereas spread cells
are assumed to have a flat surface. The geometry of the sample does not
otherwise affect the data analysis as long as applied strains are <~10%.
AFM data from all samples were fit to Eqs.1 and 3 to determine the elastic
and viscoelastic properties of single, chondrosarcoma cells.

Apparent membrane area

The apparent membrane area of cells from each cell line was determined
using an osmotic swelling method, as described previously (33). Approx-
imately 1 ml of cell suspension was placed into a specially designed chamber
that allowed for the entry of the micropipette from the side (1). The chamber
was mounted on a translating stage that allowed the entire chamber and
solution to be rapidly replaced while a micropipette held a single cell
stationary in the viewing field of the microscope. Chondrosarcoma cells
were held stationary with a glass micropipette in a chamber containing
isoosmotic solution. The micropipette was then inserted inside a large
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micropipette (~50 wm diameter) to minimize perturbations to the cell during
transfer to a new chamber (2). The chamber was rapidly replaced by an
adjacent chamber containing deionized water, and the larger micropipette
was then removed. Cell swelling was recorded at video rates (60 fields/s)
until lysis using a video camera (model XC-77, Hamamatsu Photonic
System, Bridgewater, NJ) through a bright-field microscope (Leitz Diavert,
Rockleigh, NJ), using a 100X oil immersion objective of 1.25 N.A. (Carl
Zeiss, Thornwood, NY). Cell diameter was measured as the mean of the
horizontal and vertical diameters and was measured from videotape using a
video dimensional analysis system (Vista Electronics, Ramona, CA). Cell
volume and surface area were calculated from the cell diameter assuming a
spherical geometry. The apparent ‘‘excess’’ membrane area was calculated
as the maximum change in the cell surface area between the isoosmotic
solution and deionized water.

Cytoskeletal F-actin imaging

The organization of the F-actin cytoskeleton of chondrosarcoma cells was
investigated using Alexa Fluor 488 phalloidin (Molecular Probes, Eugene,
OR), a fluorescent phallotoxin that stains for F-actin. Briefly, cells from each
line were seeded onto glass, four-chamber, coverslip slides (Nunc,
Rochester, NY) and allowed to attach for either 2 h or 2 days. The attached
cells were then gently washed with PBS (Gibco) before being fixed with
3.4% formaldehyde (Ricca Chemical, Arlington, TX) for 10 min. The
samples were again washed with PBS and then permeabilized by exposure to
acetone for 5 min at —20°C. After another wash, the samples were blocked
with 1% BSA (Gibco) for 30 min then exposed to a 0.33 uM solution of
Alexa Fluor 488 phalloidin in 1% BSA for 20 min. Samples were washed
once more before being imaged on a confocal microscope with excitation of
495 nm and emission recorded at 519 nm using a 63X (1.3 NA) water
immersion objective lens (LSM 510, Zeiss, Thornwood, NY).

Statistical analysis

A sample size of n > 26 cells was used for each experimental group and time
point. Two-factor ANOVA was conducted to determine whether significant
differences existed, with statistical significance reported at the 95%
confidence level (p < 0.05), among the biomechanical properties of the
cell lines (FS090, 105KC, JJ012) at two different culture times (2 h and 2
days). If significance existed, a post-hoc analysis was performed using the
Newman-Keuls test to determine significance for multiple comparisons.

RESULTS
Biomechanical properties

Biomechanical properties varied significantly among cells
from all lines at 2 h after seeding (Fig. 3 A). FS090 cells were
the stiffest, with a Young’s modulus of 1.27 = 0.86 kPa. The
modulus of 105KC and JJ012 cells were only 62% and 27%
that of FS090 cells (p < 0.05). This ranking of mechanical
properties was consistent for all measured values except
apparent viscosity. For this property, both FS090 and 105KC
cells proved to be significantly (p < 0.0002) higher than
JJO12 cells, but did not vary between themselves (p = 0.66).
The apparent viscosity of JJ012 cells was ~60% that of the
other cell lines.

The material properties of cells seeded for 2 days also
showed significant differences between the lines (Fig. 3 B).
Similar to the 2-h findings, the Young’s modulus of JJO12
cells was 63% that of FS090 cells (p < 0.004). Between
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FIGURE 3 Biomechanical properties of JJ012, FS090, and 105K C chondro-
sarcoma cell lines. Moduli and apparent viscosities (mean = SD) were
determined for each cell by fitting the stress relaxation data with the thin-
layer elastic and viscoelastic models. The relaxed, instantaneous, and elastic
moduli at 2 h all followed the same progression with JJ012<<105KC<FS090
(A). At 2 days, a similar trend was observed, although JJ012 and 105KC cell
properties were more similar to each other (B). Significance between cell
lines (p < 0.05) is indicated by a corresponding colored star above the me-
chanical property (e.g., Ecqui at 2 h is significant between FS and JJ or KC,
but E.quii at 2 h is not significant between JJ and KC).

these two cell lines, significant differences were observed for
all mechanical properties except the apparent viscosity and
elastic modulus, which showed no significant differences
among any of the three cell lines. In contrast to the me-
chanical properties seen at 2 h, 105KC and JJO12 cells
displayed similar moduli and apparent viscosities (p > 0.2).

In general, moduli recorded from cells cultured for 2 days
were higher than those seeded for 2 h, whereas the apparent
viscosities were lower for cells tested at the later time point
(Fig. 3). The values for Eg, Eq, Ecquii, and p showed highly
significant increases (p < 0.0001) from 2 h to 2 days. The
values for Eg, Eo, and E.q; all increased as the cells spread
in monolayer culture. The apparent viscosities of the cells
decreased during this period for FS090 and 105KC cells but
not for JJO12 cells. In contrast to these temporal effects, the
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elastic modulus, Ej.qic, showed no significant increase or
decrease over time (p = 0.84). The mathematical models fit
the data well for both elastic (R* = 0.99 * 0.02) and
viscoelastic (R* = 0.85 *+ 0.13) tests, although the latter did
not accurately represent the earliest stage of stress relaxation,
and hence, E, values were lower than expected. Mechanical
property data not illustrated in Fig. 3 are given in Table 1.

Apparent membrane area

All cells lines showed large amounts of apparent excess
membrane area relative to the isoosmotic state. FS090 cells
showed significantly greater excess membrane area (3.33 =
0.53) as compared to 105KC cells (2.70 = 0.52, p < 0.0005)
or JJO12 cells (2.48 = 0.44, p < 0.0001). No significant
differences were detected between 105KC and JJ012 cells.

Cell morphology and cytoskeletal imaging

The cellular morphology and actin structure for cells seeded
for 2 h were similar among all cell lines (Fig. 4, A—C). The
cells exhibited a spherical shape with F-actin localized to a
cortical shell, in addition to a very thin cytoskeletal layer
located at the base of the cell (Fig. 5 A). Based on AFM
measurements, JJO12 and FS090 cell heights (i.e., diameters)
were similar (13.1 £ 0.6 um and 13.1 £ 0.7 um,
respectively) whereas 105KC cells were generally larger
(16.6 = 1.8 um).

Cellular morphologies at 2 days varied based on cell line,
with FS090 cells typically being elongated whereas JJ012
and 105KC cells exhibited less uniform structures (Fig. 4,
D-F). In general, cells flattened to ~50% of their initial
height, spreading in a manner dependent upon cell line (Fig.
5 B). Actin fibers were aligned longitudinally in FS090 cells,
whereas there was no consistent orientation in JJO12 and
105KC cells. However, 105KC and JJO12 cells typically
exhibited tall, central bulges where the nuclei were located,
whereas FS090 cells showed more uniform heights with a
gradual decrease from center to edge. Due to these
morphologies, the measured height at the nucleus was
approximately the same for all spread cells (6.4 = 1.7 um).

Darling et al.

DISCUSSION

The findings of this study show that the viscoelastic properties
of chondrosarcoma cells are well characterized by the derived
thin-layer, viscoelastic model for stress relaxation indenta-
tion. Furthermore, the results indicate that chondrosarcoma
mechanical properties may differ significantly among cell
lines that exhibit different levels of aggressiveness and
metastatic potential, with the most aggressive and invasive
cell line, JJO12, showing the lowest modulus. These results
provide support for the hypothesis that cell deformability may
reflect certain phenotypic characteristics that are related to
the metastatic process, such as release from the original tumor
site as well as penetration and invasion of the vasculature.
Because the long-term malignancy of sarcomas or other can-
cerous cells is related to their ability to metastasize, investi-
gation of single-cell mechanics may provide new insights
into the process of cell attachment, migration, and invasion
from both a mechanistic as well as a diagnostic/prognostic
standpoint (7,15).

The cell lines examined in this study have been well-
characterized with respect to their chondrocytic differentia-
tion, invasiveness, gene expression, and malignancy, with JJ012
cells showing the least chondrocytic differentiation, fastest
doubling times, and highest malignancy, followed by FS090,
and then 105KC in these characteristics (17-24). JJO12 were
derived from a grade II, myxoid chondrosarcoma that exhib-
ited aggressive metastasis. FS090 cells were established from
a grade II, myxoid chondrosarcoma also exhibiting metastasis,
but less aggressive than JJ012 cells. 105KC cells were also
from a grade II, myxoid chondrosarcoma similar to the JJ012
line, but one which did not metastasize (17). Previous work has
shown an inverse relationship between the malignancy of these
cell lines and their degree of chondrocytic differentiation, and
suggested that their metastatic ability was dependent on the
expression of specific matrix metalloproteases such as colla-
genase (22,24) required for both egress from the primary tumor
as well as invasion into the extracellular matrix remotely.

The mechanisms responsible for the differences in cell
properties and metastatic potential among these cell lines
remain to be determined. The findings of this study, taken
together with previous studies, suggest that more aggressive,

TABLE 1 Time constants were measured for the AFM stress relaxation test, and Kelvin spring elements were calculated based on a

standard linear solid model

2h 2 days
11012 FS090 105KC JJ012 FS090 105KC
To (8) 16 £ 11 12 = 8.0 16 = 8.3 72 *52 79 =62 6.6 =53
7 (s) 8.0 = 5.1 6.6 = 4.0 77 =42 52 %35 5.6 =43 44 + 3.1
ki (Pa) 230 £ 150 850 * 570 530 % 220 770 £ 470 1230 = 680 930 * 670
ko (Pa) 210 = 130 720 = 710 530 * 360 240 + 170 390 = 150 320 *= 180
ki + ky (Pa) 440 * 270 1600 = 1100 1100 = 500 1000 = 600 1600 = 800 1200 = 800
Elastic R’ 0.988 = 0.014 0.981 = 0.021 0.983 = 0.021 0.996 * 0.005 0.980 = 0.022 0.989 = 0.014
Viscoelastic R 0.889 = 0.051 0.908 = 0.037 0.902 = 0.042 0.846 = 0.101 0.748 = 0.237 0.818 = 0.143

R? values are given for both elastic and viscoelastic model fits.
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metastatic chondrosarcoma lines are characterized by faster
doubling times, higher migration rates (i.e., invasive ability),
and lower elastic and viscoelastic moduli. Interestingly,
reorganization of the cytoskeleton, and in particular the actin
microfilaments, has been shown to play a critical role in all of
these various characteristics (7,15,33-37). For example,
hypoosmotic stress has been shown to cause a decrease in
chondrocyte stiffness due to reorganization of the cortical
F-actin structure (38-40). For this reason, we examined the
organization of F-actin qualitatively in these cell lines to
compare their cytoskeletal architecture. At 2 h, a cortical shell
of F-actin existed for all cell lines, an observation that has also
been made for other chondrocytic cells (33,38,40,41). This
cytoskeletal arrangement altered significantly over 2 days as
the cells spread and flattened on the culture surface. JJ012 and
105KC cells had similar structures, whereas FS090 cells tended
to be elongated with large F-actin fibers extending longitudi-
nally. These differences were reflected directly in the elastic

FIGURE 5 Chondrosarcoma morphology at 2 h and 2 days after seeding.
Cells maintained a spherical shape when seeded onto PLL-coated, glass
slides (A). Cytoskeletal F-actin was found peripherally, as well as in a thin
layer where the cell attached to the surface. This layer continued to spread
and thicken over time as the cell spread in culture (B).
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FIGURE 4 F-actin labeling of chon-
drosarcoma cells. Fluorescent labeling
of cytoskeletal actin illustrated the
typical cell morphologies seen at 2 h
and 2 days. Cells retained a rounded
shape ~13-16 wm in height at the early
time point (A, B, and C) but spread out
to ~6 wm in height by the late time
point (D, E, and F).

and viscoelastic properties of the cells, which at 2 days were
similar for JJO12 and 105KC, whereas the moduli of FS090
cells were greater. Similarly, FS090 cells showed significantly
greater membrane area than the other cell lines. An alternative
hypothesis for the larger moduli of flattened cells is a greater
contribution to the mechanical properties by the nucleus, since
the testing procedure was standardized by indenting cells only
over the nucleus. Previous studies have shown that the
chondrocyte nucleus is three to four times stiffer than the
intact cell (42). Although the nucleus would play only a minor
role in the observed mechanical properties of spherical cells,
the thin flattened cells would see a larger contribution from the
nucleus because it is partially indented during testing.

An important advance of this study was the application of a
thin-layer, AFM stress relaxation model for determining the
viscoelastic properties of flattened, adherent cells. Although
the sample height is not a concern for thick specimens such as
tissues (43), significant errors may occur in these measure-
ments for cells with heights of only a few microns. An
important concern when conducting mechanical tests is to be
conscious of the applied model’s limitations. In this study,
two time points were used to investigate the biomechanical
properties of single, chondrosarcoma cells. The 2-h time point
was chosen to investigate the mechanics of chondrosarcoma
cells with a spherical morphology and is expected to yield
measurements relatively independent of the substrate. Recent
studies have shown that the substrate material can signifi-
cantly influence the elastic properties of adherent cells (44). It
is important, however, to note that the goal of this study was to
compare the properties of the different cell lines, as opposed to
the different culture conditions and respective cell morphol-
ogies. Because of the large cell heights that existed initially,
strains for the 2-h tests were well within the model’s range of
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validity. The 2-day time point was chosen to allow the cells to
spread and obtain morphologies more typical of chondrosar-
comas in vivo. Strains in these tests were occasionally higher
(~10-15%) and could pose a possible source of error for the
reported values at 2 days. The model used in this study assumed
small strains during indentation, and although most tests
produced strains below 10%, some exceeded this limit, which
could cause second order errors to be introduced into the final
values. However, these errors were on the order of a few
percent and would be expected to be similar among the sample
groups. Importantly, the development of a new mathematical
model suitable for thin-layer, AFM stress relaxation tests will
not only allow testing of spread adherent cells, but also could be
used to investigate other anchorage-dependent cell types in
addition to thin biomaterials and polymeric coatings.

The biomechanical properties extracted from the elastic and
viscoelastic analyses showed slight differences that could be
attributed to limitations in the experimental setup. As data for
the elastic and viscoelastic tests were collected using two
different sampling rates (2 kHz and 100 Hz, respectively) in
two subsequent tests, the probe-cell contact point may have
differed slightly for the two analyses of a common cell. This
discrepancy introduced error that accounts for the aberrations
seen in the results, specifically that Ej.q;c and Ey are not
identical and that E; is larger than Ej,;c at 2 days. Neither
of these differences were statistically significant, however, and
because the error was consistent for all cell lines and mor-
phologies, the relative differences between cell lines should
still be valid. Future experiments will account for this source of
experimental error by collecting elastic and viscoelastic data
from a single indentation test at a higher sampling rate.

Although there are no previous reports on the biomechan-
ical properties of chondrosarcoma cells, single-cell studies
have been conducted on a variety of other chondrocytic cells,
showing properties that are consistent with this study.
Porcine articular chondrocytes tested using this AFM
technique showed properties on the same order of magni-
tude, with equilibrium moduli of 0.17-0.31 kPa, instanta-
neous moduli of 0.29-0.55 kPa, and apparent viscosities of
0.61-1.15 kPa-s (27). Similar elastic properties (~0.5 kPa)
were measured for bovine chondrocytes using AFM with
pyramidal tips (39). Micropipette aspiration testing of human
chondrocytes produced similar results, with equilibrium
moduli of 0.24 kPa, instantaneous moduli of 0.41 kPa, and
apparent viscosities of 3.0 kPa-s (30). Studies investigating
other musculoskeletal cell types found a range of mechanical
properties that were typically higher than those of chondro-
cytes. AFM indentation on the nuclear region of osteoblasts
produced an elastic modulus ranging from 1 to 14 kPa (4,44),
whereas fibroblasts had an elastic modulus of 4 kPa when
tested at the same location (45). The cellular mechanics of
smooth muscle cells have also been investigated using AFM,
with elastic moduli being reported in the range of 1245 kPa
(46). The large discrepancies in these different measure-
ments may reflect both intrinsic differences among cell
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types, as well as biomechanical testing at different scales
depending on the size of the AFM tip. The properties
measured in this study correspond most closely with articular
chondrocytes and fibroblasts, indicating that chondrosar-
coma cells may share some mechanical traits with these cells.

In previous studies on other cell lines, a direct correlation
was found between increasing deformability and the progres-
sion of a fibroblast cell line from a normal to a tumorigenic
phenotype (47). Transformed fibroblasts were also shown to
have lower apparent viscosities than normal cells and exhibit
less contractility when tested in suspension (48). Further-
more, micropipette aspiration experiments showed that
transformed fibroblasts exhibiting the metastatic phenotype
detached from surfaces more easily and were ~50% more
deformable than normal cells (49). These conclusions are
consistent with the findings of this study, which suggest that
cell transformation and tumorigenicity are associated with a
decrease in cell modulus and apparent viscosity.

The results of this study indicate that significant differences
may exist in cellular mechanical properties among different
chondrosarcoma cell lines of varying malignancy. These find-
ings, along with previous biochemical results, may provide
new diagnostic or prognostic approaches for determining the
metastatic potential of chondrosarcoma or other cancerous
cells. For example, recent studies have reported the use of an
optical trap to rapidly sort a population of cells based on their
deformability (7). Furthermore, an improved understanding of
the mechanisms responsible for these alterations in mechanical
properties with transformation may provide new insight into
the development of pharmacologic approaches for inhibiting
metastasis by chemically targeting cytoskeletal structures that
regulate cell stiffness and motility, such as F-actin (15,34-36).
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